Genome editing in organisms via random mutagenesis is a naturally occurring phenomenon. As a technology, genome editing has evolved from the use of chemical and physical mutagenic agents capable of altering DNA sequences to biological tools such as designed sequence-specific nucleases (SSN) to produce knock-out (KO) or knock-in (KI) edits and Oligonucleotide Directed Mutagenesis (ODM) where specific nucleotide changes are made in a directed manner resulting in custom single nucleotide polymorphisms (SNPs). Cibus' SU Canola TM , which the US Department of Agriculture (USDA) views as non-genetically modified (non-GM), is Cibus' first commercial product arising from plant genome editing and had its test launch in 2014. Regulatory aspects of the various genome editing tools will be discussed.
I. Introduction
The first examples of genome editing result from the natural process of random mutagenesis. Examples include genetic variability in the form of single nucleotide polymorphisms (SNPs) that plant and animal breeders rely upon to increase grain yield, improve quality in beef cattle (Bovine HapMap Consortium, 2009), or increase milk production in dairy cows (Riquet et al., 1999) . Other examples of naturally occurring genetic variability can be observed in microorganisms resulting in new strains of yeast used in fermentation (Liti et al., 2009) . This natural genetic variability is dependent upon two primary factors: time required for the genetic variability to occur, and the effort to select the improved genetics.
The emerging field of genome editing offers exciting opportunities for all aspects of biology. Much of the attention has been directed toward medicine and opportunities to generate knock-out (KO) animal models (Brown et al., 2013; Ji et al., 2015) and knock-in (KI) (Cui et al., 2011) systems targeting specific chromosomal regions. However, an equally impressive body of information demonstrating the utility of genome editing exists within the plant community. The current review focuses on the application of genome editing technology to plant genetic modification.
II. Chemical and physical mutagenesis
A. Early history of genome editing
Non-directed genome editing via spontaneous and induced mutations
The domestication of crop plants began approximately 10,000 years ago by selecting for increased seeds per inflorescence, increased seedling vigor, reduced seed dormancy and dispersal/shatter, and altered plant architecture such as compact/dwarf growth and reduced branching/tillering (Gepts, 2002; Meyer et al., 2012) . Through propagation and selections, it was estimated that approximately 2500 plant species have been domesticated (Dirzo and Raven, 2003) . More deliberate, conscious efforts at plant improvement used the foundation of Mendelian genetics where plant breeders introduced genetic variability into varieties through intraspecific, interspecific, and intergeneric crosses, although this was not possible for asexually propagated plants. For all plant species, breeders relied heavily on natural, spontaneous mutations to generate new or altered traits (Sleper and Poehlman, 2006) , and it was considered critical to increase genetic variability. To enhance the number and types of mutants generated, various strategies have been employed over the years. They included incorporation of mutagens into breeding programs, the use of plant tissue culture, and use of various molecular-based screenings, and directed selections such as marker assisted selection, transposon and T-DNA tagging, and targeting induced local lesions in genomes (TILLING).
Mutagen types, mutation breeding, and plant tissue culture
The results from Stadler's (1928) treatment of Hordeum vulgare L. (barley) with the mutagens X-rays and radium changed the role of a plant breeder from an observer who identified spontaneous mutations to an active participant in inducing mutations, the earliest type of genome editing. Additional plant mutagenic research occurred before and during World War II, but gained popularity after the War. Fostered by the Joint Food and Agricultural Organization (FAO)/International Atomic Energy Agency (IAEA) Division, training courses on the use of mutagens in plant breeding began in 1969; this date was considered the starting point for mutagens to be considered as a part of a breeder's toolbox (Micke et al., 1990) . Mutagens identified for use included the following radiation sources: X-rays, gamma rays, beta and ultraviolet irradiation, and neutrons (FAO/IAEA, 1977) . A wide range of chemical mutagens were also identified and including alkylating agents such as ethyl methanesulfonate (EMS). Target tissue such as seed (dry and imbibed) and pollen were used, as well as axillary buds and stem cuttings for asexually propagated species. Although mutagenesis procedures could be quite standardized, a bottleneck in greater employment of this approach was the need to screen large mutant populations; it was estimated that progeny from 2000 mutated plants would need to be screened to look for a mutation in a specific gene/trait (Micke et al., 1990) . A current list of entries in the Mutant Variety Database is found at https://mvd.iaea.org.
Although mutagenesis was random and non-directed, and there were limited ways to select and screen for mutants, valuable mutants were generated. As of 1990, induced mutations led to a generation of greater than 1300 varieties; > 90% were radiation-based using cobalt-60 (emits gamma rays) as the primary mutagen source (Micke et al., 1990) . Although this was an overestimate of the number of discrete mutant lines since it included new varieties developed from existing mutants, it could be used in direct comparison to the value reported in 2014, discussed below. Examples of characteristics noted in mutants were those easily screened visually and included lodging, height, flower color, days to maturation, and specific disease/pathogen resistances (Ahloowalia and Malusyynski, 2001; Maluszynski et al., 2001) . Although mutations could impart differences in quantitative traits, such as yield, changes of this sort were less likely than traits controlled by one or a few genes (Micke et al., 1990; Maluszynski et al., 2001) . Also, without a visual means of selection, breeders were not able to identify and combine mutated genes via crosses among selected mutants that could reliably alter quantitative traits.
Examples of the mutants generated during this period that were recently characterized molecularly include barley var. Mari released in 1962. Seeds of var. Bonus were mutagenized with X-rays in 1950. The selected mutant Mari displayed earlier flowering, reduced lodging, and higher yields (Dormling et al., 1966) . The key trait of interest was early flowering that was determined to be caused by photoperiod insensitivity. Arabidopsis thaliana L. that contained a mutated Elf3 gene displayed a similar phenotype and was used to initially identify candidate gene sequences in Mari. A 5 kbp sequence of the barley homolog (HvElf3) was found to have a 4 bp deletion that resulted in a premature stop codon (Zakhrabekova et al., 2012) .
Rice var. Calrose 76, a japonica rice type, was released in 1976. It was classified as a semi-dwarf mutant and reached approximately 80% of the stature of Calrose, the donor variety that was mutagenized with cobalt-60 in 1969 (Rutger et al., 1976) . Reduced height was due to reduced internode lengths, and this lower stature decreased lodging. The semi-dwarfing trait in Calrose 76 was found to be caused by a single recessive gene, sd-1 (Mackill and Rutger, 1979) , and was later determined to be the same "green revolution gene" identified in indica rice that significantly increased rice production beginning in the 1960s (Monna et al., 2002; Spielmeyer et al., 2002) . The sd-1 gene was isolated using two different strategies that included positional cloning (Monna et al., 2002) and use of the indica sd-1 gene sequence (Spielmeyer et al., 2002) . The gene encoded gibberellin 20-oxidase (Os20ox2) and, compared to wild-type, contained a 1 bp substitution in exon 2 causing an amino acid substitution (Monna et al., 2002; Spielmeyer et al., 2002) .
Use of plant tissue culture to assist in mutation breeding could reduce the need to screen thousands of plants if the characteristic was able to be identified in representative tissues in vitro. However, its real strength was that the tissue culture process itself could induce genetic (and epigenetic) variability, termed somaclonal variation (Larkin and Scowcroft, 1981) . This variation was noted to occur at much higher rates than normal spontaneous mutation (Larkin et al., 1989) . Preexisting mutations in cells prior to culture could also contribute to noted variation, but were not the sole source of mutations since the frequency of mutations increased with prolonged culture duration (Fukui, 1983) . Somaclonal variation and generated mutants could be assessed through similar types of analyses listed below under molecular-based screenings (see Bairu et al., 2011 for a review) .
Plant tissue culture could also be combined with in vitro selection to select mutations related to the specific abiotic or biotic selection pressure (see review by Rai et al., 2011) . In addition, physical or chemical mutagenic treatments could be incorporated into the culture process. A recent example incorporating both mutagenesis and selection pressure involved the generation of Citrus sinensis L. var. Bingtang with tolerance to Xanthomonas citri (citrus canker; Ge et al., 2015) . Embryogenic suspension cultures were treated with EMS, allowed to recover, cultured on media containing X. citri crude extract, and then transferred to regeneration media. Post-screening, one somaclone displayed tolerance to citrus canker.
Regardless of the screening methods used, the choice of mutagens used to induce mutations was determined to be important since each could generate different types of mutations. The majority of DNA damage induced by EMS was noted to be base substitutions, primarily C!T and G!A Caldwell et al., 2004) . Treatment with gamma rays induced a majority of base deletions (<20 bp) with double strand breaks (DSB) most likely repaired by non-homologous end joining (NHEJ), and also could create very large deletions not transmissible to progeny (Naito et al., 2005; Morita et al., 2009) . During repair of DSB by NHEJ, no complementary DNA strands are available to use as templates for accurate repair, primarily resulting in deleted bases at repair sites; NHEJ is the primary pathway for DSB repair (Gorbunova and Levy, 1999) . Using whole-genome nextgeneration sequencing (NGS), Shirasawa et al. (2016) analyzed Solanum lycopersicum L. (tomato) mutants generated by EMS or gamma rays. Among the nearly 4700 mutations noted in four EMS-mutated plants, nearly 99% were single nucleotide variations with the base substitution noted above being the most prevalent. The remainder were primarily composed of deletions, the majority being 1 bp in size. Among 450 mutations noted in three gamma ray-mutants, nearly 80% were single nucleotide variations with none showing a majority bias toward one type of substitution. The remainder of mutants were primarily composed of deletions with the majority being 1 bp in size. Overall, researchers found one to five "high impact" variants (nonsense and frameshift mutations) per mutant plant, identified through whole-genome NGS (Shirasawa et al., 2016) .
3. Insertional mutagenesis, molecular-assisted identification, and selection of mutants Incorporation of induced mutagenesis procedures into breeding programs has yielded greater than 3200 officially released varieties in 214 plant species (FAO/IAEA, 2014). Ahloowalia et al. (2004) provided specific examples of improved varieties. With the incorporation of molecular markers in mutant identification and selection beginning in the late 1980s, comparing the number of mutants at two reporting periods (Micke et al., 1990 , FAO/IAEA, 2014 should give an estimate of how many mutant varieties were, potentially, generated with the aid of molecular analyses/screenings. Numbers indicate that 60% of the mutants were generated within the last 25 years versus the previous 50-plus years.
A great reason for the increased number of identified mutations since 1990 was the development and use of molecular markers for the genetic analysis of plants. This field began in the mid-late 1980s using restriction fragment length polymorphisms (RFLPs), and were first demonstrated in three species: Zea mays L. (maize), tomato (Helentjaris et al., 1986) , and Lactuca sativa L. (lettuce; Landry et al., 1987) . After development of the polymerase chain reaction (PCR) procedure, the number of DNA fingerprinting strategies increased dramatically. Examples include multilocus analysis via amplified fragment length polymorphism (AFLP; Vos et al., 1995) , single-locus analysis via simple sequence repeats (SSR; Akkaya et al., 1992, and SNP; Appleby et al., 2009) . Example review articles on the history of DNA fingerprinting in plants include Agarwal et al. (2008) and Nybom et al. (2014) .
Addition of insertional mutagenesis and reverse genetics approaches have increased the precision in generating, identifying, and characterizing mutants, which dramatically increased sequences in gene databases for a number of plant species. Three approaches are discussed below.
Transposon-based tagging
For decades, transposable elements have been recognized as sources of mutations within species, and have been introduced into other plant species for induced mutagenesis and gene tagging. Both class I (retrotransposons) and class II (transposons) have been used to identify mutants in both forward and reverse genetics approaches. A few examples are provided below.
Retrotransposons utilize an mRNA intermediate and encoded reverse transcriptase to enable the insertion of resultant cDNA into the plant genome (Boeke et al., 1985) ; this type of transposition was later termed copyand-paste. Examples of class I elements include those classified as long terminal repeat (LTR) retrotransposons containing direct repeats ranging from hundreds to thousands of base pairs flanking the element along with gag and pol genes that encode several enzymes (integrase, protease, reverse transcriptase, RNase H; Kumar and Bennetzen, 1999; Finnegan, 2012; Kejnovsky et al., 2012) . Because of their conserved LTR sequences and abundance in many plant genomes, retrotransposons have been used for DNA fingerprinting via procedures such as inter-retrotransposon amplified polymorphism (IRAP) and retrotransposon-microsatellite amplified polymorphism (REMAP; Kalendar et al., 1999) . Using NGS, a bioinformatics tool/technique for identification and localization of transposon insertion sites (ITIS) was developed and proven in Medicago truncatula Gaertn (Jiang et al., 2015) .
Examples of LTR retrotransposons include those in the Ty1-copia group such as the Ta1 and Tnt1 (Voytas and Ausubel, 1988; Grandbastien et al., 1989) , with Tnt1 found to be one of a few active LTR retrotransposons. Tnt1 was identified in Nicotiana tabacum L. (tobacco) protoplasts after random insertion in the nitrate reductase gene; it was believed that the fungal enzymes used to digest plant cell walls induced a stress response which activated Tnt1 (Grandbastien et al., 1989) . This element was subsequently introduced into additional plant species for insertional mutagenesis through transformation with pathogenic bacterium Agrobacterium tumefaciens, which inserts a portion of its DNA, T-DNA, or Transfer-DNA, randomly into the plant's nuclear DNA (Zambryski et al., 1980) , which could be used as a vector for gene delivery into plants. Tnt1 was fused to a reporter gene delivered into Arabidopsis via A. tumefaciens, and screened for transposition post-transformation (Lucas et al., 1995) . Tnt1 was shown to transpose, with copies inserted at unlinked sites including within genes, but only transposed in primary transformants and not in subsequent generations.
Stress, such as the plant tissue culture process, was shown to induce transposition in the few active LTR retrotransposons (Wessler, 1996) , which Mazier et al. (2007) relied on when developing their insertional mutagenesis process for lettuce. Tnt1 was introduced into lettuce leaf sections via A. tumefaciens; transformants that displayed transposition contained at least 28 transposed copies. Mutant phenotypes could be visualized starting in the T1 generation, and lines containing single Tnt1 insertion events could be segregated through backcrossing within four generations. Transposition occurred early in transformation and could be reactivated upon re-initiation of plant tissues in culture, resulting in 40% of the regenerants containing new Tnt1 transpositions (Mazier et al., 2007) .
Insertional mutagenesis of M. truncatula with Tnt1 delivered by A. tumefaciens generated a line containing five Tnt1 copies which was used to generate additional transposition events via an indirect tissue culture regeneration process (Tadege et al., 2008) . After 4 years, a total of 7600 mutant plant lines were generated, and each contained an average of 25 transposition events. One third of the insertions were estimated to occur in coding sequences, and 30% of the lines displayed mutant phenotypes (Tadege et al., 2008) . A similar M. truncatula Tnt1 insertional mutant library screened for symbiotic mutants yielded a number of mutants incapable of nodulation (Pislariu et al., 2012) . Less than 50% of nodulationdeficient mutations could be traced to known nodulation genes, which indicated some novel genes might be identified through this approach.
In comparison to retrotransposons, transposons use an element-encoded transposase that creates staggered nicks at the terminal inverted repeat sequences present in these elements for excision then insertion at another place in the genome; this transposition was termed cut-and-paste (Saedler and Nevers, 1985) . Due to the ability to transpose with greater frequencies than retrotransposons, transposons appeared to be used to a much greater extent in insertional mutagenesis studies.
Examples of class II elements include the Activator (Ac) autonomous transposon and the Dissociation (Ds) nonautonomous transposon. Isolation and cloning of both elements (Geiser et al., 1982; Federoff et al., 1983) led to their use in identification of transposon-tagged genes which were then used to isolate their wild-type counterparts. Part of the cloned Ac9 element (Federoff et al., 1983) was used to probe a genomic library of maize containing a mutated Bronze (Bz) gene (Federoff et al., 1984) . Clones were selected and DNA flanking the Ac element were subcloned for use as probes to successfully isolate the Bz gene from unmutated, wild-type maize. Many genes have been isolated through the use of transposon-tagged genes through forward genetics. Screening via reverse genetics could also be accomplished and was aided with the generation of >1500 Ds mutants that spanned all ten maize chromosomes (Vollbrecht et al., 2010) .
In addition to gene isolation in plants naturally harboring transposons, isolation of those elements enabled their use in inducing mutations through delivery into nonhost plants via A. tumefaciens and other transformation methods. Baker et al. (1986) introduced maize Ac or Ds elements flanked by short sequences of the Waxy (Wx) locus into tobacco. They confirmed Ac could successfully transpose in transgenic tobacco, but Ds could not. This opened the door for transposon-tagging of genes via one-element and two-element systems discussed by Osborne and Baker (1995) . Sexual crosses of plants containing Ac-and Ds-containing elements could generate Ds transposition which segregated from Ac in the progeny, resulting in stable mutant lines.
Additional examples include the following. Gene tagging and cloning using a transposon was demonstrated in Petunia £ hybrida (Chuck et al., 1993) . The T-DNA contained an Ac element that interrupted a streptomycin phosphotransferase (SPT) gene; T1 seedlings were chosen based on ability to germinate on streptomycin-containing medium indicating transposition may have taken place due to SPT regaining function, posttransposition. A transposed mutant displaying variegated flower color was identified and found to have Ac inserted in a gene that modified corolla pH, thereby affecting flower color. The cloned gene was identified as a Ph6 allele (Chuck et al., 1993) . Directed screenings were employed to identify resistance in tobacco to the tobacco mosaic virus (TMV; Whitham et al., 1994) . Tobacco resistant to TMV contained the resistance gene N; the Ac element was delivered into TMV-resistant tobacco via A. tumefaciens transformation. Progeny (64,000) containing a single copy of N were subjected to positive selection exploiting a hypersensitive lethal response brought on at lower temperatures to identify survivors (contained inactive N gene). This, coupled with a RFLP known to be linked to N, enabled isolation of the complete gene with activity verified in transgenic tobacco previously susceptible to TMV (Whitham et al., 1994) .
Various modifications were made to insertional mutagenesis strategies and included, for example, a way to stabilize Ac once it had transposed to a different site (Schmitz and Theres, 1994) . This entailed the use of a mutated Ac element (Ds303) containing transposase that lacked a promoter, so the initial transposition required an adjacent promoter, contained in the T-DNA, to initiate movement. It was demonstrated that A. tumefaciensgenerated transgenic tomato harboring this construct fostered one transposition before Ds303 became stable (nonautonomous; Schmitz and Theres, 1994) . A gainof-function transposon mutagenesis approach used a similar tactic incorporating an engineered element (DsAT) that could transpose once, before becoming stable (Suzuki et al., 2001) . Within the T-DNA, the transposable element contained two cauliflower mosaic virus (CaMV) 35S promoters positioned just inside the transposon's flanking inverted repeats to enable transcription of gene sequences just outside the element's borders. These promoters controlled the expression of transposase and spectinomycin coding sequences to enable transposition and selection; transposed DNA would not include those coding sequences. Both genes were demonstrated to be active before transposition, and inactive after (Suzuki et al., 2001) . Fladung and Polak (2012) modified the Suzuki et al. (2001) system by incorporating an inducible transposase gene to generate a mutant population in the perennial aspen-Populus hybrid (P. tremula L. £ P. tremuloides Michx.). The modified Suzuki et al. (2001) construct (transposase-deficient) was co-transformed with a plasmid containing transposase controlled by the Glycine max L. (soybean) heat shock promoter to control transposition. In this system, a gain-of-function mutation frequency of 1% was achieved (Fladung and Polak, 2012) .
T-DNA tagging
As mentioned previously, A. tumefaciens could be used as a vector for gene delivery into plants. Andr e et al. (1986) proved that insertion of T-DNA could cause gene disruption and, therefore, those sequences could be used to "tag" the affected gene by looking for the distinctive 25 bp T-DNA right border (RB) and left border (LB) repeat sequences. They introduced a promoterless aminoglycoside phosphotransferase II gene sequence [APH (3 0 )II, confers kanamycin resistance] into Nicotiana plumbaginifolia L. protoplasts through co-cultivation with A. tumefaciens. Screening for kanamycin resistance, indicative of APH(3 0 )II being inserted in plant gene sequences to yield fusion proteins, enabled identification, and recovery of those transgenic plants. Some transgenic plants also displayed tissue-specific expression, whereas others displayed altered phenotypes postulated to be caused by gene disruptions (Andr e et al., 1986) . Insertions into the genome appeared random and not at specific loci (Feldmann, 1991) .
Arabidopsis quickly became the host plant species for T-DNA gene tagging due to its relatively small genome and development of a simplified transformation method that did not involve tissue culture ). An early example of a gene identified in this manner was KO of the GLABROUS1 gene determined to be involved in trichome development since the mutants lacked trichomes . Activation tagging has also been demonstrated in Arabidopsis through T-DNA delivery of CaMV 35S promoter enhancer sequences for gain-of-function gene expression analyses (Kardailsky et al., 1999) . The FLOWERING LOCUS T gene identified this way was determined to be associated with flower induction, with overexpression leading to early photoperiod-insensitive flowering (Kardailsky et al., 1999) . A reverse genetics approach, starting with a gene sequence with the goal of identifying its phenotype, could also be used to identify mutants. This approach was demonstrated by Krysan et al. (1996) by identifying a mutant of CPK-9, a gene encoding calmodulin-domain protein-kinase isoform 9 through PCR screenings of T-DNA tagged mutants using primers specific to CPK-9 and T-DNA border sequences.
Various approaches have been used to generate mutant libraries, resulting in generation of greater than 325,000 T-DNA insertion mutant Arabidopsis lines (O'Malley and Ecker, 2010) . Analysis of these mutant lines have recently been assisted by NGS. Lepage et al.
(2013) described a procedure for mapping mutants containing similar genes disrupted by T-DNA insertions using a forward screening approach. T-DNA insertional mutant plants (150,000) screened for gyrase inhibition hypersensitivity yielded 64 mutant lines. DNA from these mutants were pooled to make one library, target sequences were enriched using biotinylated T-DNA probes, then the captured DNA were amplified and sequenced. This procedure enabled the identification of T-DNA inserts in 80% of the mutants, and also allowed identification of 31 genes (Lepage et al., 2013) . Inagaki et al. (2015) screened 29 Arabidopsis mutants generated with different A. tumefaciens plasmids using a modified procedure that used sequence capture and NGS without pre-screening for specific visual characteristics. This led to identification of insertion sites in 75% of the mutants.
Numerous T-DNA insertional mutants were generated in rice using various strategies (Jeong et al., 2002; An et al., 2003 ; reviewed by Lo et al., 2016) . Examples of genes identified include a mutant (KO) gene from a saltresponsive mutant line by inverse PCR (Koh et al., 2007) . Sequence comparisons of this stress response gene, OsGSK1, to Arabidopsis genes indicated greatest homology with GSK3/SHAGGY-like kinase 21 gene (AtSK21), and was determined to be a glycogen synthase kinase3-like gene. Another example was the identification of OsEF3 found to be homologous to Arabidopsis ELF3 mutant gene involved in photoperiod-insensitive early flowering, although the OsEF3 mutant did not display photoperiod insensitivity, but rather played roles in heading date (late), reduced seed weight, and shorter roots . A recent example of gene identification through activation tagging was a gene affecting grain size (big grain, BG1; Liu et al., 2015) . Overexpression of BG1 in mutant Bg1-D (dominant mutation) resulted in increased grain size in rice and was specifically induced by the auxin indole-3-acetic acid (IAA), so this gene was believed to be involved in auxin transport .
Targeting induced local lesions in genomes (TILLING)
The availability of genomic sequence data for numerous plant species led to emphasis on reverse genetics approaches to determine and correlate phenotypes with known gene sequences. One such approach, TILLING, was developed to screen a mutant population for mutations within specific genes, and was proven successful in Arabidopsis (McCallum et al., 2000) . The goal was to identify allelic mutants associated with two specific chromomethylase genes (CMT2 and CMT3) in an EMSinduced M2 population. Pooled DNA from mutants were amplified by PCR using gene-specific primers and then analyzed via denaturing high pressure liquid chromatography (DHPLC), which could detect homoduplex versus heteroduplex annealing thereby identifying SNPs. Four independent mutations were identified from a pool of approximately 400 M2 mutants (McCallum et al., 2000) . Till et al. (2003) refined the TILLING process that enabled high throughput screening of Arabidopsis mutants by incorporation of a digestion step using the mismatch cleavage enzyme CEL I and visualization of any resulting DNA fragments via denaturing polyacrylamide gel electrophoresis. Based on the total genome size and the number of mutations detected in the kbp screened, they estimated each EMS M2 plant could contain 700 induced mutations. Researchers adapted TILL-ING strategies for mutant allele discovery in rice populations mutated with EMS (Till et al., 2007) . Specific mutations were found in all 10 genes screened through TILLING, with one to seven mutations identified per gene. TILLING was also proven to be successful in identifying specific gene mutations in other agronomically important crops including barley (Caldwell et al., 2004) , maize (Till et al., 2004) , Triticum aestivum L. (wheat; Slade et al., 2005) , and soybean (Cooper et al., 2008) .
Modified TILLING strategies, such as EcoTILLING, enabled the discovery of SNPs in 41 natural, not mutated, populations of Populus trichocarpa L. (poplar; Gilchrist et al., 2006) looking at nine loci. An average of 6.8 SNPs were identified per gene; one gene, PoptrLFY, a meristem identity transcription factor, contained 23. Wang et al. (2012) provided a recent review of TILLING, including its variations.
The emergence of NGS technology in 2005 has aided in the discovery of useful genetic markers (Davey et al., 2011 (Davey et al., , 2013 and, in some instances, has even replaced the use of molecular markers (Byrne et al., 2013;  genotyping by sequencing) in identifying and characterizing mutations. The different NGS platforms currently in use are described by Egan et al. (2012) . With greater than 100 plant genome sequences available (Michael and VanBuren, 2015 , list included those generated through 2014). The use of TILLING remains a viable method to screen through mutant populations to identify specific genes of interest, although SNP discovery has been greatly aided by NGS. A focus of genome-wide association studies (GWAS) was to identify SNPs and other mutations within genomes and their frequency among related genomes. Using GWAS to compare sequences of 500 landraces to the rice reference genome, >167,000 SNPs were associated with approximately 25,000 annotated genes (Huang et al., 2010) . GWAS comparisons among 80 Arabidopsis accessions identified >12,000 SNPs in nearly 6200 genes, as well as insertions/deletions (indels; Cao et al., 2011) . Genotypic and phenotypic analyses of both wild-type and mutant populations laid the foundation for development of the precise, directed genome editing technologies discussed below.
III. Targeted knock-out mutations in plants
In the past several years, new reagents have become available that make it possible to modify specific chromosomal loci in plants (reviewed in Weeks et al., 2016) . These reagents-customizable, sequence-specific nucleases (SSNs)-function by introducing a targeted DNA double strand break in the locus to be altered. The cell recognizes this DNA damage and recruits enzymatic machinery to repair the break. If the break is repaired by homologous recombination (HR), information is copied from a DNA template during the repair process (Puchta, 2005) . The template can be either a homologous chromosome, a sister chromatid, or user-supplied DNA with homology to the break site. User-supplied templates can harbor a variety of DNA sequence modifications, from single nucleotide substitutions to one or more transgenes, which become incorporated at the break site after HR. The use of HR for the targeted modification of plant genomes is covered later in this review.
As mentioned previously, DSB can also be repaired by NHEJ (Puchta, 2005) . In somatic cells, NHEJ is the principle means by which broken chromosomes are repaired. Most often, chromosomes are rejoined precisely; however, on occasion, small deletions-or more rarely insertions-are introduced at the break site. For example, when an SSN introduced a double strand break in the Arabidopsis genome, approximately 75% of NHEJinduced mutations were deletions, and about 80% were less than 9 bp in length (Qi et al., 2013b) . If imprecise repair of DSBs occurs in a coding sequence, frameshift mutations are sometimes introduced that can KO gene function. Other types of mutations can also be created by NHEJ, including those that remove a few amino acids within a coding sequence without altering the reading frame. Further, insertion/deletion mutations in promoters can disrupt key regulatory sequences and alter gene expression. NHEJ-induced mutations, therefore, provide diverse opportunities for dissecting gene function.
To create targeted mutations, SSNs must recognize a specific DNA sequence signature within a complex genome. There are currently four major classes of SSNs that can accomplish this task: zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), engineered homing endonucleases or meganucleases, and clustered regularly-interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) nuclease 9 (CRISPR/Cas9). Meganucleases are naturally occurring restriction enzymes that recognize and cleave DNA sequence targets, typically from 12 to 40 bp (Smith et al., 2006; Paques and Duchateau, 2007) . Meganucleases can be engineered to recognize new sites; however, changes in target site specificity often result in a reduction of catalytic activity. Consequently, rather sophisticated protein engineering is required to make effective reagents. ZFNs, in contrast, bind DNA through an engineered array of zinc finger motifs (Bibikova et al., 2003; Carroll, 2011) . The array is spatially separated from the nuclease, namely catalytic domain of the FokI endonuclease. FokI functions as a dimer, so two ZFNs are engineered to bring the FokI monomers into proximity on the DNA target where they introduce the break. TALENs are similar to ZFNs in that they have a DNA binding domain distinct from the FokI endonuclease domain (Christian et al., 2010; Bogdanove and Voytas, 2011) . The DNA binding domain consists of an array of TAL effector motifs. These motifs have proven to be highly modular, and most engineered TAL effector arrays recognize their targets with high efficiency (Cermak et al., 2011) .
Meganucleases, ZFNs and TALENs all recognize their sequence targets through protein/DNA interactions. In contrast, with CRISPR/Cas9, targeting is achieved through a guide RNA (gRNA) that base pairs with the chromosomal target of interest (Jinek et al., 2012; Cong et al., 2013; Mali et al., 2013) . The Cas9 nuclease then cleaves the resulting RNA/DNA complex. The simplicity of DNA targeting through base-pairing has led to the quick and broad adoption of CRIPSR/Cas9 reagents for genome editing. It is now possible to create locus-specific DNA DSB with ease.
A. Strategies for making gene knockouts with SSNs
When using SSNs to create mutant plants, the first step is to express the SSN in cells to create the targeted double strand break. For protoplasts-cells lacking a cell wallthe nuclease-encoding construct can be delivered at high efficiency to a large fraction of the protoplast population by electroporation or using polyethylene glycol. When normalized for delivery frequency, it is not uncommon for >25% of surveyed chromosomes to have mutations created by imprecise NHEJ using many of the common nuclease platforms (Shan et al., 2013; Zhang et al., 2013) . For plant species that can be regenerated from protoplasts, the phenotypic consequence of NHEJ-induced mutations can be assessed at the whole plant level. With high delivery efficiencies and effective nucleases, a significant number of the plants regenerated from transformed protoplast populations harbor mutations at the target locus Li et al., 2016) . Among the regenerated plants, the majority lack foreign DNA; that is, the nuclease is expressed transiently, and the construct is degraded before integration. Lack of foreign DNA is often desirable, because its presence can trigger regulatory scrutiny in some jurisdictions, which adds considerable time and cost to get approval in order to perform field trials (see further discussion on regulatory issues below). To ensure no DNA integrates into the genome of the cell, nuclease-encoding mRNA or purified nucleases can also be introduced into protoplasts. Such approaches have been successful to create targeted mutations in plants Woo et al., 2015) .
For most plant species, DNA is introduced into tissue explants, rather than protoplasts, using Agrobacterium or biolistic transformation methods. Because only a fraction of cells in the treated explants are transformed, selectable marker cassettes are often used to enrich the transformed cells prior to regeneration. If the nuclease is expressed shortly after transformation, then the transformed cells regenerate into mutant plants. Alternatively, as the transgenic plant grows, cells are mutagenized, including those in the meristem that ultimately produce flowers and seed. Progeny can then often be recovered with the desired NHEJ-induced mutation. This approach for targeted mutagenesis was first demonstrated in Arabidopsis (Lloyd et al., 2005) , and is now widely practiced in many plant species (reviewed in Weeks et al., 2016) . The frequency with which heritable mutations can be recovered can be improved by using promoters that express the nuclease preferentially in the germline Mao et al., 2016) . Since it is unlikely that the targeted mutation and the nuclease-encoding transgene are genetically linked, the latter can be segregated away by crossing, leaving a plant with only the desired mutation.
More recently, other DNA delivery approaches have been used to introduce SSNs into plant cells to achieve targeted mutagenesis. Among these are RNA viruses, which are widely been used to deliver hairpin RNAs for virus-induced gene silencing (VIGS) (Lacomme, 2015) . RNA viruses engineered to express a ZFN were shown to induce mutations at a chromosomally integrated reporter gene in petunia and tobacco (Marton et al., 2010) . Meganucleases have also been delivered using RNA viruses (Honig et al., 2015) . The virus at some frequency infected meristematic tissue, which gave rise to floral organs, and it was thus possible to recover seeds with mutations from infected plants. One current limitation on the use of RNA viruses for mutagenesis is that they have limited cargo capacity, and so it is difficult to deliver some nucleases because they are simply too large. For example, RNA viruses have been engineered to deliver guide RNAs into Cas9-expressing transgenic plants; the Cas9 nuclease was integrated in the plant genome because it was too large to be carried by the virus (Ali et al., 2015) . As RNA virus vectors improve and strategies are developed to more-efficiently recover germinal mutations, infection with RNA viruses could emerge as an important means to achieve targeted mutagenesis in diverse plants.
B. Examples of targeted mutagenesis in plants
The small indels introduced into genes through NHEJ have a value for basic plant biology by helping to elucidate plant gene function. In terms of trait development, elimination of gene function through KO mutations might seem to have limited value. However, plants produce many products that negatively impact food quality, torage, and processing; and gene knockouts could eliminate these undesirable products. Gene knockouts can also be used to accumulate metabolites of value. For example, in the biosynthesis of fatty acids, loss of certain fatty acid desaturases in seeds allows monounsaturated fats to accumulate (Haun et al., 2014) . The resulting oils extracted from mutant seeds are healthier and have improved shelf-life. Theoretically, the use of gene knockouts to disrupt biochemical pathways should make it possible to create plants that accumulate a variety of valuable biosynthetic intermediates.
One challenge for targeted mutagenesis is that many plants are polyploid or have undergone past episodes of polyploidy. Consequently, plant genomes typically have multiple, redundant genes and extensive gene family networks. SSNs can simultaneously create mutations in multiple gene family members, enabling genetic analysis that was often previously intractable. An example of this was demonstrated in tetraploid potato where four copies of a gene encoding a vacuolar invertase were simultaneously knocked out using TALENs . The resulting potato lacked the invertase, and consequently did not break down sucrose when stored in the cold, thereby improving its storage properties. Another example of mutagenesis in complex genomes was described in hexaploid wheat, in which six alleles of the Mlo gene were knocked out, thereby conferring resistance to the fungus that causes powdery mildew (Wang et al., 2014) . With careful SSN design, it is sometimes possible to target specific members of a gene family. For example, a seed-expressed fatty acid desaturase was targeted in soybean with a TALEN (Haun et al., 2014) . The TALEN was designed such that it would not recognize related fatty acid desaturases that are expressed in vegetative tissue. Selective inactivation of members of gene families gives some control over the desired phenotype.
NHEJ mutations can also be used to mutate cis-acting regulatory sequences. An example of this was demonstrated in rice in order to create a rice variety resistant to the bacterial pathogen, Xanthomonas oryzae, the causal agent of a debilitating blight (Li et al., 2012) . During infection, Xanthomonas secretes effector proteins into rice cells that bind to the promoter region of the rice sucrose-efflux transporter gene (OsSWEET14). This activates expression of OsSWEET14, contributing to pathogen survival and virulence. Mutations in the effector binding site within the promoter of OsSWEET14 were created using TALENs, thereby eliminating transcriptional induction and consequently pathogen virulence.
NHEJ can also lead to chromosome rearrangements and large-scale changes in genome organization. For example, for duplicate plant genes organized in tandem, nucleases were engineered to clip out both closely linked homologs (Qi et al., 2013a) . If multiple broken ends are generated simultaneously, then other outcomes are possible, such as translocations, inversions, duplications, or large-scale deletions. Such rearrangements have been reported in tobacco between chromosomes with integrated meganuclease cut sites (Pacher et al., 2007) , and large-scale deletions and inversions can often be detected by PCR in somatic cells plant cells that express SSNs (Qi et al., 2013a; Zhou et al., 2014) .
C. Regulatory considerations for plants mutagenized with SSNs
Regulatory authorities around the world are currently considering how to handle genome engineered crop varieties, including those mutagenized with SSNs. Such mutations are often indistinguishable from those that occur naturally or are created by conventional chemical, X-or gamma-ray mutagenesis-none of which is regulated. As described above, targeted modifications can be achieved without incorporating foreign DNA in the plant's genome. Or, in some cases, an integrated transgene that expresses the nuclease can be segregated away after mutagenesis. This generates a plant with only the desired mutation. Regulatory authorities have recently rendered some opinions on the use of SSNs to create new crop varieties (Wolt et al., 2016) . In the US, the USDA has published opinions stating that some NHEJ-induced mutations made by meganucleases, ZFNs, TALENs, and CRISPR/ Cas9 fall outside their regulatory authority. Some of the mutations were created by making a transgenic parent plant that expressed the nuclease. The mutant offspring of the transgenic parents, which themselves lacked the transgene, were not regulated.
The USDA rulings have important consequences for trait development. Traditional biotech crops-i.e. those containing a transgene-require a considerable body of data for regulatory approval and field testing. Preparation of such regulatory packages is expensive and time consuming (as much as $35 million per transgenic event, taking up to 5.5 years to complete) (Lusser et al., 2012) . In the case of plants carrying targeted mutations that have received regulatory approval, they can be directly tested in the field. This provides financial benefits to agricultural biotechnology companies, and makes it possible for academic scientists to create new genetic variation and assess its impact in the field. Reduced government regulation will also enable genome engineering to be applied to minor crops that lack the profit margins necessary to pay for governmental regulatory packages.
IV. Targeted knock-in mutations in plants
A targeted KI mutation involves a DNA sequence that is integrated into a specific genomic locus. This could be a few base pairs which alter the regulatory and/or coding region of a gene or a larger DNA sequence, including entire genes or sets of genes. Unlike KO mutations, which typically involve loss-of-function, KI mutations usually involve a gain or modification of function by adding or substituting genetic material. A KI mutation is generated by site-specific DNA integration. Transformation in plants, whether via direct DNA delivery or Agrobacterium-mediated, typically involves random DNA integration (see previous section entitled 'T-DNA Tagging'). KI mutations, as defined here, implies a higher level of precision. In contrast to random DNA integration, targeted DNA integration affords a greater control over the genomic environment surrounding the integrated DNA and, as such, the biological consequences of such genetic modification.
A. Homologous recombination and in vitro selection
Early attempts at making KI mutations in plants via sitespecific DNA integration involved the use of long stretches of incoming DNA sequences homologous to integrated, genomic sequences in an attempt to encourage HR (Paszkowski et al., 1988; Offringa et al., 1990) . These pioneering studies involved the use of preintegrated target sequences encoding nonfunctional selectable marker genes flanked by sequences homologous to incoming plasmid DNA. The incoming plasmid DNA contained sequences capable of complementing the integrated selectable marker gene and in vitro selection allowed for the isolation of targeted events. In one study (Paszkowski et al., 1988) , transgenic tobacco protoplasts with a partially deleted kanamycin resistance gene were transformed with a homologous donor DNA comprising the missing part of the selectable marker gene and cultured on kanamycin-containing medium. Only those protoplasts that integrated the incoming donor DNA at the integration target site could grow on kanamycin selection. Kanamycin-resistant cultures were isolated and confirmed via Southern blot analysis to contain the donor DNA integrated into the target locus. In a similar study (Offringa et al., 1990) , transgenic tobacco harboring a kanamycin resistance gene with a 3 0 deletion was transformed with A. tumefaciens harboring T-DNA with the missing 3 0 sequences flanked by sequences homologous to the integrated target. Kanamycinresistant plants were obtained and targeted T-DNA integration was confirmed via Southern blot analysis. These results demonstrated that HR could be used to target incoming donor DNA into pre-integrated transgenic sequences via either direct DNA delivery or Agrobacterium.
Targeting of endogenous genomic sequences using incoming homologous donor DNA was also attempted with varying degrees of success (Lee et al., 1990; Miao and Lamb, 1995; Terada et al., 2002 Terada et al., , 2007 . For example, A. tumefaciens harboring T-DNA with a single base pair substitution in an acetolactate synthase (ALS) gene fragment was used to modify an endogenous ALS gene resulting in resistance to the herbicide chlorsulfuron (Lee et al., 1990) . The Arabidopsis TGA3 gene was targeted using a homologous donor comprising a kanamycin resistance gene and a GUS reporter gene outside the region of homology to distinguish targeted (kanamycinresistant, GUS-negative) from random (kanamycinresistant, GUS-positive) integration events (Miao and Lamb, 1995) . In both of these studies, a few rare events with targeted DNA integration were identified, isolated, and confirmed. Using a somewhat different approach, a combination of positive and negative selectable markers in the donor DNA were used to enrich for rare recombinant events at endogenous genomic loci (Terada et al., 2002 (Terada et al., , 2007 . The Waxy and adh2 genes in rice were targeted using a hygromycin resistance gene flanked by homologous sequences with two flanking diphtheria toxin genes outside the regions of homology. Random integration of the construct resulted in nonviable cells by virtue of toxin gene expression. Only targeted integration via HR resulted in hygromycin resistance and deletion of the toxin gene from the construct. In this way, several targeted events were obtained.
Taken together, these early studies showed that, by combining HR and in vitro selection, gene targeting in plants was possible. Unfortunately, even with long stretches of donor-target homology and an efficacious selection/screening system, the frequencies of successful gene targeting associated with HR were extremely lowpresumably due to the fact that the predominant pathways for transgene integration in plants are nonhomologous in nature (Puchta, 2005) . Moreover, the reliance on a robust transformation and in vitro selection capability limits this approach to only a few model plant species (Petolino, 2015) . Nonetheless, these proof of concept studies laid the groundwork for future successes in the creation of KI mutations via targeted DNA integration.
B. Homology-directed repair of targeted double strand DNA breaks
A critical breakthrough for site-specific transgene integration as a means of making KI mutations in plants involved the combination of the use of incoming donor DNA homologous to pre-integrated, selectable target sequences and SSN capable of creating DSB in the target locus to enable homology-directed repair (Puchta et al., 1996; Wright et al., 2005; D'Halluin et al., 2008; Cai et al., 2009 ). The first report of successful gene targeting using an SSN involved the pre-integration of a construct containing the 3 0 end of a hygromycin resistance gene flanked by a cleavage site recognized by a homing endonuclease, I-Sce1, into tobacco (Puchta et al., 1996) . Retransformation with two A. tumefaciens strains, one harboring T-DNA with the 5 0 end of the hygromycin resistance gene flanked by sequences homologous to the integrated target and the second strain containing an I-Sce1 expression cassette, resulted in the appearance of hygromycin-resistant events. Following cleavage and DSB formation at the genomic target locus, homologydirected repair using the incoming donor DNA resulted in the formation of a fully-functional hygromycin resistance gene. The frequency of HR using the nuclease was estimated to be at least two orders of magnitude greater (10 ¡3 vs. <10 ¡5 ) than that observed with homology alone. This approach was extended to maize where a promotor-less herbicide resistance gene with an I-Sce1 cleavage site immediately upstream was pre-integrated and subsequently targeted with a donor DNA containing a promoter flanked by homologous sequences along with an I-Sce1 expression cassette (D'Halluin et al., 2008) . Targeted events were isolated on herbicide-containing medium following either microparticle bombardment or A. tumefaciens co-cultivation. Using an analogous strategy, ZFNs were also shown to mediate targeted transgene integration (Wright et al., 2005; Cai et al., 2009) . A preintegrated gus/nptII fusion gene comprising a 600 bp deletion and a ZFN cleavage site was successfully targeted via co-transformation with DNA encoding a corresponding ZFN and DNA homologous to the integrated target and containing the deleted sequences (Wright et al., 2005) . Up to 10% of the electroporated protoplasts integrated the donor DNA into the target as evidenced by kanamycin resistance, GUS expression, and Southern blot analysis. In a similar study, a pre-integrated reporter construct containing the 3 0 of an herbicide resistance gene flanked by two ZFN cleavage sites was targeted using co-cultivation with two A. tumefaciens strains harboring homologous donor DNA sequences with the 5 0 end of the herbicide resistance gene and a corresponding ZFN. In this study, a 6 kb DNA sequence between the ZFN cleavage sites was excised and replaced by 1.9 kb of donor sequence. Clearly, these results demonstrate that pre-integrated target sequences containing nuclease cleavage sites and non-functional selectable marker genes can be effectively targeted using nuclease gene expression and donor DNA with homology to the integrated target and corresponding selectable marker gene sequences.
The ability to design nucleases to cleave any DNA sequence allows for the creation of targeted DSB at any selected genomic locus. Thus, any gene can become a candidate for targeted KI mutagenesis. For example, specific mutations in SuRA and SuRB genes in tobacco confer resistance to various ALS-inhibiting herbicides. Donor DNA sequences containing such mutations were co-delivered into tobacco protoplasts along with genes encoding ZFNs designed to cleave within the SuRA and SuRB coding regions (Townsend et al., 2009) . Herbicide resistant mutations were obtained on chlorsulfuron-and imazaquin-containing medium resulting from homology-directed repair of nuclease-mediated DSBs at the endogenous locus at frequencies exceeding 2%. TALENs were also effective at generating similar mutations in tobacco SuRA and SuRB at a frequency of 13% . Co-expression of an RNA-guided Cas9 nuclease and a homologous donor DNA was used to create a unique restriction site in the N. benthamiana PDS gene . The Arabidopsis PPO gene was mutated using homology-directed repair of a ZFN nuclease-mediated DSB (de Pater et al., 2013) . Two mutations resulting in resistance to the herbicide butafenacil were generated using homologous donor DNA delivered via A. tumefaciens floral dip transformation of a ZFNexpressing plant, yielding a mutation frequency of 3.1 £ 10 ¡3 . A strong promoter was integrated upstream of a gene controlling anthocyanin biosynthesis using geminivirus replicons and homologous donor sequences resting in pigment accumulation in tomato (Cermak et al., 2015) .
Larger DNA sequences, including entire genes, have been integrated into endogenous plant loci using homology-directed repair of nuclease-mediated DSBs (Shukla et al., 2009; Svitashev et al., 2015) Genes encoding ZFNs designed to cleave the IPK1 locus in maize were co-delivered with donor DNA containing homologous sequences and a promoterless herbicide resistance gene with a 2A stutter-sequence; cleavage at the targeted genomic locus resulted in homology-directed repair and herbicide resistance via 'trapping' of the IPK1 promoter by the promoterless herbicide resistance gene (Shukla et al., 2009) . Similarly, an herbicide resistance gene was targeted to a site near the liguleless-1 locus via homologydirected repair following CRISPR/Cas9-induced DSB formation (Svitashev et al., 2015) . These studies clearly demonstrate the ability to target genes to endogenous genomic loci in plants using designed SSNs and homologous donor DNA sequences. Although a critical prerequisite for site-specific DNA integration has been the ability to create targeted DSBs using designed SSNs other factors such as donor construct design, DNA delivery method, genomic target accessibility, and DNA repair status all appear to be important (Britt and May, 2003; D'Halluin et al., 2008; Kumar and Fladung, 2001; Shukla et al., 2009; Svitatshev et al., 2015) . For example, the frequency of nuclease-mediated targeted KI mutation of the Arabidopsis ADH1 locus increased several-fold in genetic backgrounds containing mutations in genes associated with DNA repair (Qi et al., 2013) .
C. Deployment of knock-in traits
The traits necessary to support modern agriculture, such as tolerance to environmental and biotic stresses and efficient use of nutrients, are typically encoded by combinations of multiple, interacting genes. The challenges created by the complexity of these traits cannot be overemphasized and will continue to tax current genome modification technology. For example, the unpredictable outcomes of random DNA integration and the difficulty of simultaneously handling multiple genes are just some of the key contributors to the significant challenges ahead. It is anticipated that genome editing technology and the ability to create targeted KI mutations via sitespecific DNA integration will play a major role in addressing these challenges (Petolino and Kumar, 2016) .
The chromosomal location into which a DNA sequence integrates can have a dramatic influence on the ultimate functional outcome of a KI mutation making the engineering of complex traits even more challenging. The resident genes surrounding the integration site as well as the general epigenetic state of a particular chromosomal region can interact with an integrated sequence in unpredictable ways (Matzke and Matzke, 1998) . For example, the event-to-event variability observed in transgene expression has been largely attributed to this so-called 'chromosomal position effect' (Alberts and Sternglanz, 1990) . Targeting transgenes to the same genomic locus has resulted in reduced event-to-event variability in expression (Chawla et al., 2006; Kumar et al., 2015) . In addition to the uncertainly associated with 'chromosomal position effect', randomly integrating DNA sequences have the potential of disrupting endogenous genes thereby creating undesired side-effects (Krysan et al., 1996) . Targeting DNA sequences to specific chromosomal locations via genome editing technology has the potential to circumvent some of the unpredictable aspects of KI mutagenesis assuming appropriate sites for DNA integration can be identified. Such genomic regions which minimize functional interference and maximize predictability have been referred to as 'safe harbors' (Sadelain et al., 2012) . For example, in human cells, a 'safe harbor' has been defined as a chromosomal region at least 50 kb from any gene, 300 kb from any known cancer-related sequences or micro-RNA, and outside any transcription unit or ultra-conserved sequence (Bejerano et al., 2004) . The characterization and identification of such regions in crop plant genomes would be useful as it relates to the generation of targeted KI mutations (Petolino and Kumar, 2016) .
Multiple, randomly-integrated, independentlysegregating DNA sequences associated with geneticallycomplex traits create significant breeding challenges (Halpin, 2005) . Having to manage multiple, unlinked genetic loci during the stages of trait introgression and product development requires a substantial resource and time investment as well as the potential for introducing unwanted linkage drag which could negatively affect overall product performance (Peleman and van der Voort, 2003) . Targeted DNA integration into previously integrated loci allows for the direct formation of stacked gene products. For example, two herbicide tolerance genes were stacked into a previously integrated insect control locus in cotton using homology-directed repair of a meganuclease-mediated DSB (D'Halluin et al., 2013) . Targeted events were recovered at a frequency of 2% of all events generated and, in subsequent generations, all of the stacked genes in this targeted KI were inherited as a single genetic unit. In maize, a pre-integrated locus containing a ZFN binding site flanked by sequences homologous to incoming donor DNA allowed for the sequential integration of two herbicide resistance genes (Ainley et al., 2015) . A targeting frequency of 5% was observed and both genes were shown to functionally co-segregate. In a similar study, donor DNA with a promoterless selectable marker gene and an intron sequence homologous to a pre-integrated target was used to create a stacked locus following homology-directed repair of a ZFN-mediated DSB (Kumar et al., 2015) . Since only integration into the target locus resulted in a functional selectable marker, targeting frequencies well over 30% were observed. These reports clearly demonstrate that site-specific DNA integration enables sequential stacking of genes into single genomic loci.
Another significant challenge associated with targeted KI mutagenesis is the need to deliver the necessary genome editing reagents, e.g., nuclease expression cassettes and donor DNA, to cells at the appropriate stage of development so that targeted cleavage and DNA repair can occur. Standard plant transformation methods have typically been used to facilitate genome editing including, polyethylene glycol-mediated DNA delivery into protoplasts (Paszkowski et al., 1988; Wright et al., 2005; Townsend et al., 2009) , microparticle bombardment (D'Halluin et al., 2008; Ainley et al., 2015; Kumar et al., 2015; Svitashev et al., 2015) , WHISKERS TM (Shukla et al., 2009) and Agrobacterium (Offringa et al., 1990; Lee et al., 1990; Miao and Lamb, 1995; Puchta et al., 1996; Terada et al., 2002 Terada et al., , 2007 D'Halluin et al., 2008; Cai et al., 2009; de Pater, 2013; Li et al., 2013; Zhang et al., 2013; Qi et al., 2013a; Svitashev et al., 2015) as well as nonintegrating viruses (Vainstein et al., 2011; Baltes et al., 2014; Cermak et al., 2015) . In addition, it is necessary to isolate and propagate the edited cells to capture them in a reproducible form. This requires a robust in vitro culture capability, which, unfortunately, is highly genotype-dependent and is not available in all crop species. To circumvent this problem, in planta gene targeting has been successfully used to create targeted KI mutations using meganucleases (Fauser et al., 2012; Ayar et al., 2013) and CRISPR/Cas9 (Schiml et al., 2014) . This involved the random pre-integration of target and donor sequences flanked by nuclease cleavage sites and regions of homology; the subsequent expression of an introduced nuclease resulted in targeted cleavage and intrachromosomal DNA repair. Using this approach, only a few transgenic events containing integrated target, donor and nuclease coding sequences need to be generated and crossed for genome editing technology to be made available to those species with less than robust in vitro capabilities.
The last, but certainly not least, major hurdle that has to be overcome prior to the deployment of targeted KI mutations is regulatory approval. Unfortunately, the current state of affairs with respect to the regulatory environment is one of disharmony (Lusser and Davies, 2013) . Different countries have differing opinions on the definitions of what constitutes regulated materials and how they should be regulated. Moreover, the focus on the process used to generate the materials, e.g., Agrobacterium-mediated transformation, as opposed to the nature of the materials themselves, e.g., the unique phenotype, has created some confusion (Wolt et al., 2016) . KI mutations, by virtue of comprising foreign DNA, will most likely be classified with other transgenics and, thus, require similar regulatory scrutiny, although because of the greater degree of precision, perhaps less data will be necessary to make regulatory decisions. So, although the challenges for deploying targeted KI mutations are significant, the potential to agriculture is great and continued progress in this area will be greatly anticipated.
V. Oligonucleotide Directed Mutagenesis (ODM)
The first recognition of the value of quantitative trait loci as markers in plant breeding by Edwards et al. (1987) was a breakthrough advancement in plant breeding. Since then, the field of molecular breeding has emerged and advanced in precision to the point where SNP are used as markers in plant breeding. Moose and Mumm (2008) described the advances that have led to increased genetic gain associated with specific SNPs in molecular plant breeding. The SNPs that are being detected in molecular breeding are those that occur naturally in the plant's genome, and implementation of gel-free SNP detection systems have increased throughput by 40-fold and reduced costs by six-fold (Eathington et al., 2007) . The ability to track such specific changes in the nucleotide composition has revolutionized plant breeding. However, even with these improvements in detection, it is still an expensive process to search for useful natural variation within the genome.
The ability to provide plant breeders with custommade SNPs is a "game-changing" technology. Oligonucleotide mutagenesis (ODM) has been demonstrated to provide such custom-made SNPs, and the efficiency of this process has dramatically improved over the past few years. In this section, an overview of ODM technology will be described covering the mode of action, examples of ODM in various plant species and the regulatory perspective for this non-Genetically Modified Organism (non-GMO) technology.
A. Mode of action
The mechanism of action for ODM has been determined from research involving eukaryotic and prokaryotic systems. In eukaryotic cells, an oligonucleotide containing homology to a target sequence along with a mismatch is delivered across the cell membrane, travels through the cytoplasm, and eventually crosses the nuclear membrane where it anneals to the nuclear DNA target sequence. This (oligo-directed) nucleotide mismatch triggers the specific sequence change made in the target gene through action of the mismatch repair mechanism in the cell. This two-step process first requires oligonucleotide annealing with its DNA target followed by the mismatch repair resulting in the directed mutation. This was first demonstrated in mammalian systems Cole-Strauss et al., 1996) and later in plants (Beetham et al., 1999) . Focusing on plants, the oligonucleotide is not integrated into the plant's genome because of the 5 0 and 3 0 end modifications preventing DNA ligation and due to activity of endogenous nucleases and other oligonucleotide degrading enzymes (see Figure 1) .
In prokaryotes, a similar mode of action occurs for ODM that is dependent upon mutS and recA proteins, which are present in the cell's DNA repair system. This mechanism of action is also independent of the transcriptional state of the gene (Sauer et al., 2016a) . Furthermore, it is critical to have high transfection efficiencies to ensure the oligonucleotide is delivered into as many cells as possible to maximize DNA conversion efficiencies. This point was made evident by a low transfection frequency of 10% to 15% described by Ruiter et al. (2003) and is a reason why oligonucleotide-mediated conversion rate in their experiments was similar to the spontaneous mutation rate.
B. Examples of ODM in various plant species
In the early application of this technology in plants, oligonucleotides were used to target the acetoacetate synthase (ALS and also abbreviated as AHAS, aceto hydroxy acid synthesis) gene in tobacco (Beetham et al., 1999) , maize (Zhu et al., 1999) , and later in Brassica napus (oil seed rape; Gocal et al., 2015) . In tobacco, self-complementary chimeric DNA/RNA oligonucleotides were used to induce mutations in the ALS gene. PDS-1000/He biolistic apparatus was used to deliver the chimeric oligonucleotides into tobacco cell suspension cultures targeting the codon for Pro-196 (CCA) of ALS resulting in . Bombarded cells were transferred to a medium initially containing 15 ppb chlorsulfuron, and actively growing cells were transferred to media with 50 and 200 ppb chlorsulfuron. Those cells tolerating 200 ppb chlorsulfuron were collected and DNA analyzed; one of the four ALS alleles showed conversion to Thr-196 ACA which conferred tolerance to chlorsulfuron. It was estimated that the efficiency of this occurrence was approximately two orders of magnitude greater than that observed in the nontreated controls. These results were affirmed by demonstrating, in transgenic tobacco cells containing a mutated green fluorescent protein (GFP) transgene, that delivery of the chimeric oligonucleotide corrected this mutation resulting in GFP expression (Beetham et al., 1999) .
Tobacco plants containing mutations in the AHAS gene were produced which expressed high levels of herbicide tolerance (Kochevenko and Willmitzer, 2004) . Chimeric RNA/DNA oligonucleotide was delivered to tobacco mesophyll cells either by protoplast electroporation or by particle bombardment. Multiple chlorsulfuron-resistant callus lines were produced (by both bombardment and electroporation) which were capable of plant regeneration which showed foliar resistance to chlorsulfuron in greenhouse spray studies. Plants with the Pro-196-alanine, threonine, glutamine, or serine substitutions and tryptophan-573-leucine substation were highly resistant to chlorsulfuron whereas plants with the proline-196-leucine substitution were less tolerant. Progeny from these plants showed stable tolerance to chlorsulfuron and as expected exhibited Mendelian segregation.
Subsequently, ODM technology was also applied to maize (Zhu et al., 1999) . Chimeric DNA/RNA oligonucleotides were delivered by bombardment to maize cell cultures (BMS and Hi-II) to induce mutations in AHAS. Oligonucleotides were used to induce mutations at two locations of the AHAS gene. The first was to mutate AHAS Ser-621 to Asn (AGT to AAT), which confers resistance to imidazolinone and sulfonylurea herbicides. The second location was AHAS Pro-165 to Ala mutation, which is the corresponding mutation described by Beetham et al. (1999) for the ALS (AHAS) mutation in tobacco. Following delivery of the chimeric oligonucleotides in separate experiments, maize cells were selected on media containing either 0.7 mM imazethapyr or 20 ppb chlorsulfuron. Forty herbicide tolerant Hi-II callus lines were isolated from 130 bombarded plates where 13 of 18 callus lines contained the confirmed mutation. Twenty-nine herbicide tolerant BMS callus lines were also isolated of which 9 out of 11 analyzed lines proved to be positive for the AHAS mutation. The estimated mutation efficiency was 1.0 to 1.4 £ 10 ¡4 , which was about 3-orders of magnitude better than the spontaneous mutation rate (1 £ 10 ¡7 or lower). Zhu et al. (1999) also described delivery of a chimeric oligonucleotide into transgenic Hi-II calli containing a mutated GFP transgene with a nucleotide substitution at position 2990 resulting in a stop codon preventing GFP expression. The chimeric oligonucleotide allowed for the G to be replaced by a C at position 2990 (TAG to TAC). A total of 48 plates of stop-GFP calli were bombarded with the correcting chimeric oligonucleotide and eleven GFP positive events were identified. There were no GFP positive events from the stop-GFP callus control treatments. GFP expression from these events with the G to C conversion was also seen in germinating somatic embryos, roots, and leaf tissues. The expected 1:1 segregation was observed in outcrossed progeny as monitored by GFP expression in the coleoptiles of germinating seeds.
In a follow-up publication, Zhu et al. (2000) described regeneration of maize plants from Hi-II callus lines with the targeted AHAS 621 Ser to Asn mutation (AGT to AAT) conferring tolerance to imidazolinone herbicide. Regenerated plants and progeny were sprayed with 1£ and 4£ field rates of Lightning Ò (imazethapyr). From plants originating from 12 independent AHAS mutation events, two were sensitive, four were tolerant to 1£, and three were resistant to both 1£ and 4£ rates (the remaining 3 lines were not tested). Herbicide tolerance in the progeny showed the expected 1:1 segregation resulting from backcrossing the mutant regenerated plant to wild-type Hi-II. The variation in tolerance to herbicide was likely due the fact that there are two AHAS genes in maize and that more than one was mutated. Okuzaki and Toriyama (2004) delivered RNA/DNA chimeric oligonucleotides to rice callus cells by microprojectile bombardment targeting the P171A mutation in ALS. Following bombardment, rice cells were transferred to a medium containing 1.4 mM chlorsulfuron where nine callus lines developed. Chlorsulfuron selection was increased to 2.1 mM during plant regeneration. From the nine lines, two calli survived the elevated herbicide selection and albino plants were regenerated, one of which showed active growth on rooting medium containing chlorsulfuron. Sequencing of the genomic DNA from this plant revealed that it contained the P171A mutation. In this study, the researchers also delivered a mixture of chimeric oligonucleotides to rice callus cells targeting the ALS W548L and S627I mutations and used bispyribac-sodium for herbicide selection pressure. Four herbicide tolerant callus lines were obtained and plants were regenerated. Sequencing of the genomic DNA revealed the W548L mutation but there was no evidence supporting the presence of S627I.
Herbicide tolerant canola plants have also been produced using ODM (Gocal, 2015; Gocal et al., 2015) . This was achieved by propagation of aseptically grown in vitro plants from seed or from microspore-derived embryos. Leaf tissues from these plants were harvested and protoplasts isolated following vacuum infiltration of medium containing cellulose YC and macerozyme R10 cell wall degrading enzymes. An iodixanol density gradient was used to purify the protoplasts following centrifugation and from which protoplast yield was subsequently determined and density adjusted to 5.0 £ 10 6 /ml. Oligonucleotides (also referred to as GRONs for Gene Repair Oligo Nucleotides), which targeted the S653N and W574L mutations in the AHAS gene were delivered to the protoplasts via a 30-min PEG (polyethylene glycol) treatment. The oligonucleotides were protected with a reverse base (idC) on its 3 0 end and a Cy3 fluorescent label on its 5 0 end that also allowed determination of transfection efficiency-which was greater than 80% (note that this is a substantially higher transfection rate than what was described by Ruiter et al. (2003) ). One day after the PEG treatment, protoplasts were embedded in calcium alginate, which has been shown to help with cell survival, cell wall formation, and the frequency of protoplasts that form microcalli. Under optimal conditions, a plating efficiency (percentage of protoplasts that form microcalli) of 2% was obtained. The embedded protoplasts were placed in 0.5 mM imazethapyr selection medium (liquid) 1 week after embedding and sequentially subcultured in this medium. Cell colonies were released from alginate by treating with 50 mM sodium citrate for 30 to 45 min and transferred to solid selection media.
Across ten experiments, eight S653N and two W574L AHAS mutations were recovered as determined by SNP screening methods and sequence analysis. The target region sequence of these mutations was identical to that compared with GenBank accession sequences for BnA-HAS I and BnAHAS III. In each experiment, similar numbers of protoplasts were used in oligonucleotidetreated, PEG-only, and untreated control treatments. A combination of somatic and targeted mutations were obtained; however, the targeted S653N mutation was only obtained in oligonucleotide-treated protoplasts. Tan et al. (2005) reported that the S563N mutation in the canola AHAS gene was not successful after several decades of chemical mutagenesis, thus reflecting the value of ODM in producing this mutation. Plant regeneration from 80% of these callus lines was achieved leading to the production of imidazolinone tolerant plants. Seed harvest from these plants allowed for advancement to the next generation for yield determination and herbicide efficacy under field conditions. Cibus performed a test launch for its canola in United States in 2014 as a non-GMO alternative. In late 2013, Cibus received Plant Novel Trait (PNT) approval from the Canadian government for cultivation. Yield testing and herbicide registration are in progress leading to eventual Canadian commercial launch.
Arabidopsis has also been successfully used as a tool to further advance the understanding of the factors which positively affect the frequency of ODM. Sauer et al. (2016a) described the use of transgenic Arabidopsis protoplasts containing the blue fluorescent protein (BFP), which, when a single nucleotide is edited, converts into the GFP. This occurs at position 66 when a T is substituted with a C, effectively changing tyrosine to histidine to activate GFP. Three different sized oligonucleotides were evaluated where all three could serve as the correcting oligonucleotide to activate GFP expression. A dramatic increase in the percent of protoplasts expressing GFP (72 h after oligonucleotide delivery) was observed when a 201 nucleobase-long oligonucleotide was delivered in comparison with the 0 (control), 41, and 101 nucleobase-long oligonucleotide treatments. There was a direct relationship between oligonucleotide length and ability to convert BFP to GFP. Similarly, increasing GRON concentration led to increased nucleotide conversion frequency with the highest GFP expression (0.6% of the treated protoplasts) obtained with an oligonucleotide concentration of 160 mM. Beetham et al. (2014) and Sauer et al. (2016b) reported use of various chemistries known to induce DSB, in combination with delivery of the oligonucleotide template, to dramatically increase the efficiency of ODM in Arabidopsis and Linum usitatissimum (Flax). The non-targeted double strand break antibiotic, phleomycin, was used in ODM experiments with the same transgenic Arabidopsis model line described above. Protoplasts from this line were treated for 90 min with 0, 250, or 1000 mg/mL phleomycin and a dose-dependent GFP response was observed indicating the benefit of double strand break on ODM and the conversion of BFP into GFP. Experiments were then conducted using TALENs with the Arabidopsis BFP system to target the double strand break at the point of correction. The combination of GRON and TALEN (delivered as plasmid DNA for transient expression of TALEN protein) targeting the BFP to GFP correction in treated protoplasts resulted in a 25 to 45-fold increase in GFP expression (approximately 1% of the protoplasts expressed GFP) compared with GRON-only treatment, and an approximate 10-fold increase when compared to the phleomycin treatment. Similar experiments were conducted using CRISPR/Cas9 plus gRNA and the correcting GRON into BFP-Arabidopsis protoplasts. Greater than 5% of the protoplasts were corrected and expressed GFP. Off-target double strand break frequency was evaluated with this system and no evidence of such was found. Further, there was no evidence of Cas9 plasmid integration into the Arabidopsis genome. Collectively, these results demonstrate that combining oligonucleotide-mediated gene editing with a target-specific DSB greatly improved the frequency of BFP to GFP edits in BFP-Arabidopsis protoplasts. Alone, CRISPR/Cas9 or TALEN systems do not confer targeted mutations; they were precisely targeted by the GRON.
The advancement demonstrated in using CRISPR/ Cas9 technology to increase ODM efficiency in Arabidopsis was then applied to mutating the two EPSPS genes present in flax (Sauer et al., 2016b) . EPSPS is a target enzyme for glyphosate, an herbicide that acts as a competitive inhibitor of the binding site for phosphoenolpyruvate and mutations at T178I and P182A render the EPSPS enzyme tolerant to glyphosate (Gocal et al., 2012) . CRISPR/Cas9 plus gRNA expression plasmid and oligonucleotide were delivered to flax protoplasts where transient expression of Cas9 and gRNA combined with the oligonucleotide effectively targeted these EPSPS mutations in a non-transgenic manner. Initial sequencing of 21-day old microcalli showed the presence of these mutations and subsequent regenerants also contained these mutations in at least one of the two EPSPS genes present in flax. In the subsequent generation, these mutations displayed normal Mendelian segregation. Furthermore, searches for CRISPR/Cas9-mediated off-target mutations in these plants did not reveal any other changes to the genome. Regenerated plants, with and without the targeted EPSPS mutations, were maintained in soil under greenhouse conditions and sprayed with 10.5 or 21 mM glyphosate. Six days post-spray, control plants showed a wilted and necrotic phenotype whereas the plants with the targeted EPSPS mutations exhibiting minimal phenotypic changes. It is important to note that no integration of exogenous DNA used to trigger mutagenesis was observed in these mutated plants. Svitashev et al. (2015) followed with results demonstrating the use of the CRISPR/Cas9 system to induce DSB to facilitate ODM in maize. This work affirmed the findings of Beetham et al. (2014) using TALENs and the prior work in maize by Zhu et al. (1999 Zhu et al. ( , 2000 . Immature maize zygotic embryos (Hi-II) were bombarded with oligo or single plasmid repair templates targeting the AHAS gene (P165S mutation) along with Cas9, gRNA, and MoPat-DsRed. Following bombardment, embryos were cultured on bialaphos selection medium for 5 weeks to recover stable transgenic callus lines. Two hundred randomly selected callus lines were selected and maintained on bialaphos selection. The remaining embryos with developing callus sectors were transferred to medium containing 100 mg/L chlorsulfuron. After 1 month on the bialaphos and chlorsulfuron selection media, calli were analyzed by PCR amplification and sequencing where the targeted AHAS mutation was observed in nine callus lines-seven on bialaphos selection medium and two on chlorsulfuron selection medium. Plants were regenerated from seven of the nine mutated callus lines and shown to contain the P165S mutation. Progeny from two of these lines were backcrossed using wild-type Hi-II pollen, and resulting progeny exhibited the expected 1:1 segregation for this mutation. Four weekold T1 plants segregating for the presence of the mutated allele were sprayed with 100 mg/L chlorsulfuron. Three weeks after herbicide application, the plants with the P165S mutation had a normal phenotype whereas the wild-type plants showed strong signs of senescence. It is important to note that the gene editing approach described by Svitashev et al. (2015) utilizes stably integrated transgenic expression of Cas9 to produce a targeted mutation.
C. Regulatory perspective of ODM

RTDS
TM , or Rapid Trait Development System, is a Cibus technology that encompasses a suite of gene editing technologies, including ODM, and is referred to as one of the novel breeding techniques and have received regulatory attention. Regarding the commercialization of crops in the United States, the Animal and Plant Health Inspection Service (APHIS, U.S. Department of Agriculture) has ruled that the sulfonylurea (SU) tolerant canola developed by Cibus is exempt from biotechnology regulation under 7 CFR Part 340. In Canada, PNT is the process where the novelty of the trait is the focus of the regulation. It is the trait which is regulated and not the process in which it was produced (Shearer, 2015) . This means that crops with traits produced via ODM are evaluated the same way as crops resulting from other breeding methods (such as conventional breeding, mutation breeding, etc.). In Europe, the European Commission set up a New Plant Breeding Techniques working group (in 2007) to evaluate eight novel plant breeding techniques (including ODM) and determine how each of these relate to the European GMO legislation (Directive 2001/18/EC). The consensus of this working group was that ODM is a mutagenesis technique and should be exempt from the European Union (EU) GMO regulation (Schiemann and Hartung, 2015) . This is in agreement with a previous report which concluded that ODM should be outside of the regulation in place for GMOs and acknowledged that USDA APHIS declared ODM-mediated mutagenesis as non-GMO (Breyer et al., 2009) .
VI. Conclusions
Genome editing has occurred over time through the process of natural occurring mutations. The advent of specific chemical and physical mutagenic agents resulted in discovery of over 3000 genetic changes in plants which have benefited agriculture and mankind. This, in essence, was a technological means to accelerate the occurrence of nucleotide changes that could have resulted naturally, given enough time.
Development of biological tools, such as ZFN, TALENs, CRISPR/Cas9 and ODM, have further advanced the understanding of mutagenesis such that mutations can be performed in a precise and directed manner resulting in: (1) gene KO, (2) gene KI, or (3) creating a SNP through ODM. These tools have been rapidly incorporated into agriculture and life science biotech research resulting in new opportunities to help feed a growing global population. We are currently at the crossroads of how classical transgenic and gene editing technologies are being evaluated and how products from gene editing should be regulated. 
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